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Spin Polarization and Dichroism Effects by Electric Field
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We show that electric field can induce spin polarization and dichroism effects in angle resolved
photoemission spectroscopy (ARPES) in spin orbit coupling systems. The physical origin behind the
effects essentially is the same as the spin Hall effect induced by the electric field. Since the ARPES
experiments have both energy and momentum resolutions, the spin Hall effect can be directly verified
by the ARPES experiments for individual band even if there is no net spin current.
PACS numbers: 72.10.-d, 72.15.Gd, 73.51.Jt
The field of spintronics, which manipulate the spin de-
gree of freedom in solid state devices, has been an active
field of research. One important research in this field is to
create, control and detect spin current. Recently, a new
spin current source has been suggested[1, 2]. It is pro-
posed theoretically that a spin Hall current can be gener-
ated in strongly spin-orbit coupling systems by external
electric field. The spin Hall effect exists in a broader class
of spin-orbit coupling models. It has been evolved into a
subject of intense theoretical research[3, 4, 5, 6, 7, 8, 9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20].
The spin Hall effect can be easily derived from the sin-
gle particle quantum mechanics. In real materials, due
to disorder, theoretically it is still controversial whether
the effect exists or not. Recently, two experimental
groups [21, 22] have reported that the spin Hall effect
has been observed in two dimensional hole systems with
Rashba spin-orbit coupling, which contradicts the theo-
retical analysis in the presence of disorder[23, 24]. There-
fore, independent experiment is still required to verify the
effect.
In this paper, we propose that angle resolved pho-
toemission spectroscopy(ARPES) can be used to detect
the spin Hall effect in spin-orbit coupling systems. We
show that electric field can induce spin polarization and
dichroism effects in angle resolved photoemission spec-
troscopy (ARPES) in spin orbit coupling systems with-
out any magnetization. The effects stem from the same
physical origins as the spin Hall effect. The ARPES is
a very powerful tool to study condensed matter materi-
als, such as cuprates[25]. Compared to other experimen-
tal techniques, there are several advantages. First, the
ARPES experiments have both energy and momentum
resolutions which provide the detailed electronic physics
of individual band. In particular, we will show that it is
not required to have spin current flowing in samples in
order to verify the spin Hall effect. Therefore, there could
be no magnetization at the edges of samples. The signal
is induced purely by electric field. Secondly, the ARPES
has been used to measure the spin-orbit coupling[26, 27].
The experimental setup discussed here is straightforward.
Finally, there are several independent quantities which
can be measured to test the physics of the spin Hall ef-
fect.
Before discussing ARPES measurements, let’s consider
the original physics of the spin Hall effect. The result that
we want to emphasize is that, in general, there is dissi-
pationless spin Hall current in each band in spin-orbit
coupling systems even if the total net spin Hall current
is zero. Imagining two bands which is split by the spin-
orbit coupling from a spin-degenerated band, there is no
net spin current created by external electric field if both
bands are completely filled. However, in each band, there
is a spin Hall current. The net spin Hall current is zero
because the contributions from two filled bands cancel
each other. This result is obvious if one follows the ar-
gument that the spin Hall current is not generated by
the displacement of electron distribution function, but by
anomalous velocity due to the Berry curvature of Bloch
states[1, 3]. The consequence from this picture is very im-
portant to experimental techniques such as the ARPES
which can access the physics of individual band.
To show the above analysis, let’s follow the formulism
given in ref.[3]. Let us consider a general spin-orbit cou-
pling model described by Hamiltonian, H(P, S). In the
presence of a constant external electric field, we choose
vector potential, ~A = − ~Et. The total Hamiltonian be-
comes time dependent, H(t) = H(P − e ~Et, S). Let
|G, t > be an instantaneous ground state of the time-
dependent Hamiltonian,
H(t)|G, t >= EG(t)|G, t > . (1)
By first-order time-dependent perturbation theory, we
have
2|ΨG(t)〉 = exp{−i
∫ t
0
dt′EG(t
′)}
{
|G, t〉+ i
∑
n
|n, t〉〈n, t| ∂
∂t
|G, t〉
En(t)− EG(t)
(1− ei(En(t)−EG(t))t)
}
, (2)
where |n, t〉 are excited instantaneous eigenstates. Now,
let many body ground state be two bands split by spin
orbital coupling. The ground state wavefunction for each
band is given by |G1 >=
∏
k<kF1
|k, λ1 > and |G2 >=
∏
k<kF2
|k, λ2 > respectively, where |k, λ1,2 > label single
particle states. Thus, in adiabatic approximation in the
presence of electric field ~E, we have new ground state
wave functions |G1( ~E) > and |G2( ~E) >,
|G1( ~E) >= |G1 > +ie ~E ·
∑
k<kF1
~B(~k)|k, λ2 >
∏
k′ 6=k,k′<kF1
|k′, λ1 >
|G2( ~E) >= |G2 > −ie ~E ·
∑
k<kF2
~B∗(~k)|k, λ1 >
∏
k′ 6=k,k′<kF2
|k′, λ2 > (3)
where ~B(~k) is given by ~B(~k) = 1∆(k) < k, λ2|
∂
∂~k
|k, λ1 >,
and ∆(k) is spin-orbit splitting energy. The adiabatic
approximation is valid when ~eE
k∆(k) << 1.
~B(~k) is pre-
cisely the Berry curvature of the Bloch states and is
non-vanishing in spin-orbit coupling systems in general.
The second term in eq.3 is responsible for the spin Hall
effect[3]. From the wavefunctions, it is clear that the
spin Hall current is contributed by all the particles in
the bands. Even if the two bands are completely filled,
the physics of the spin Hall effect still exists in each band
although the total spin current is zero because the spin
currents in the two bands run in opposite directions with
equal amplitude and cancel each other[1, 3]. Therefore,
we can detect the spin Hall effect independently if we
can manage to observe the second part of wavefunctions.
Moreover, the detection can be done even in completely
occupied bands if the individual band can be access sepa-
rately. Modern photoemission experiments have achieved
remarkable energy and momentum resolution. It should
be an ideal technique to measure such effects.
In the photoemission experiment, the transition prob-
ability between an initial state Ψi(N) and final state
Ψf (N) is given by
Ωfi =
2π
~
| < Ψf (N)|∆ˆ|Ψi(N) > |
2δ(~ωf − ~ωi − ~ω)(4)
where ∆ˆ, under dipole approximation, is given by
∆ˆ =
e
2mc
(Aˆ · Pˆ + Pˆ · Aˆ) =
e
mc
Aˆ · Pˆ (5)
where Aˆ is the electromagnetic vector potential and we
have assumed that ▽ · Aˆ = 0, and Pˆ is the electron mo-
mentum operator. The total intensity is obtained by sum
over all the initial and final states in the system. In prin-
ciple, the photoemission experiments can provide infor-
mation specified by four quantities, including energy ω,
momentum ~k, spin σ(~m) which is associated to a specified
direction ~m and the polarization of photon source, h. The
total intensity of photoelectrons can be viewed as a func-
tion of the above quantities, i.e. Ih(ω,~k, σ~m) =
∑
fi Ωfi.
To simplify the discussion, we would like to take famil-
iar three step approximation of photoemission which is
a good approximation in general. In this approximation,
the total intensity is proportional to the product of ma-
trix element and single spectral function A(~k, ω) which
provides the information of the band structure, namely
Ih(ω,~k, σ(~m)) ∝Mh(~k, σ(~m))A(~k, ω), (6)
where the matrix element is given by
Mh(~k, σ(~m)) =
∑
fi
| < ψf |∆ˆ|ψi > |
2. (7)
In spin-orbit coupling systems, the matrix element in-
cludes the important information of the spin Hall effect.
Let’s consider the model discussed earlier. In the pres-
ence of electric field, plugging eq.3 into the above equa-
tion, we obtain
∆Mh(~k, σ(~m), λ) =Mh(~k, σ(~m))−Mh0 (
~k, σ(~m)) = −ie ~E · ~B(~k, λ)
∑
f,λ′ 6=λ
Re < ψf |∆ˆ|~ki, λ >< ψf |∆ˆ|~ki, λ
′ >∗). (8)
3where Mh0 (
~k, σ(~m)) is the matrix element without the
external electric field. ∆Mh(~k, σ(~m), λ) describes the re-
sponse to the external electric field and is proportional to
the Berry curvature of Bloch states in momentum space
due to the spin orbit coupling. This is the main result
of the paper. ~B(~ki) is purely imaginary. In principle, we
should be able to calculate the terms in the above equa-
tion theoretically for different materials and measure the
quantities in the photoemission experiments. In the fol-
lowing, we would like to simplify the results for several
spin-orbit Hamiltonians first and discuss the qualitative
measurements which can be done to test the prediction
while the detailed calculation for different materials is
left to be reported elsewhere.
Before we discuss specific models, we would like
to state the general properties from eq.8 for a band
which is split to two bands by spin orbit coupling: (1)
∆Mh(~k, σ(~m), λ) is directly proportional to the exter-
nal electric field and Berry curvature. Therefore, it car-
ries the sign (or direction) information of the wavevec-
tor ~k; (2) for two bands which are labeled by λ = ±,
∆Mh(~k, σ(~m),+) = −∆Mh(~k, σ(~m),−) which reflects
the same nature of the spin Hall current, namely, the spin
Hall currents are exactly opposite in two bands; (3)defin-
ing
g(~k) =
∑
f
Re < ψf |∆ˆ|~k,+ >< ψf |∆ˆ|~k,− >
∗, (9)
which is determined by the detailed properties of the
band. Although it is not easy to calculate g(~k), we can
make use of its symmetry properties. We will illustrate
this point later.
Let us now consider the Rashba spin orbit coupling
Hamiltonian, which is given by
HR =
P 2
2m
+ γ(PxSy − PySx). (10)
The eigenstates are given by
|~k, λ >= UR|λ >, (11)
with eigenvalues given by ǫ(~k, λ) = ~
2k2
2m +γλ~|
~k|, λ = ±.
UR = e
−iφSz , φ = tan−1
ky
kx
. We obtain
∆Mh(~k, σ(~m),+) =
eǫijEikj
γk3
· g(~k) (12)
where ǫij is a rank-2 antisymmetric tensor. If there is a
Dresselhaus spin orbit coupling term due to the lack of
inversion symmetry in bulk, which is given by
Hd = β(PxSx − PySy). (13)
The result for ∆Mh(~k, σ(~m),+) in the presence of both
spin orbit coupling terms is given by
∆Mh(~k, σ(~m),+) = (γ2 − β2)
eǫijEikj
ǫrd(k)3
· g(~k) (14)
where ǫrd(k) = k
√
(γ2 + β2) + 2γβsin(2φ).
For the Luttinger spin orbit coupling model[1], which
is given by
HL(t) =
1
2m
[(γ1 +
5
2
γ2)(P )
2 + 2γ2(P · S)
2]. (15)
For a given ~P = ~~k, the Hamiltonian has four eigenstates,
H |k, λ >= ǫλ(k)|k, λ〉,
~k · S
|k|
|k, λ >= λ|k, λ〉. (16)
where ǫλ(k) =
~
2k2
2m (γ1 + (
5
2 − 2λ
2)γ2). For λ = ±
3
2 and
λ = ± 12 , they are referred to as the heavy hole band and
light hole band respectively. Without losing the gener-
ality, we set the electric field along z direction. For the
light hole band, we obtain
∆Mh(~k, σ(~m),±
1
2
) =
eE
√
(k2x + k
2
y)
γ2k4
· g(~k) (17)
∆Mh(~k, σ(~m), λ) is the change of matrix elements in-
duced by external electric field. Instead of measuring the
direct value of the change, which is rather difficult to do
experimentally, we propose several quantities which are
relatively easier to be measured. We consider a lattice
with a mirror plane. Let ~n denote the mirror plane of
the lattice and Rˆ~n be the reflection operator associated
to it. For a general purpose, we also consider polarized
light. If the direction of the light is in the mirror plane,
we have the following identity,
Rˆ~n∆
rRˆ−1~n = ∆
l, (18)
where ∆r,l denote the dipole coupling operators for
the right and left polarized photon sources respectively.
Under the reflection, the final state ψf (~k,E, σ(~m)) is
changed to ψf (Rˆ~nk,E(Rˆ~nk), Rˆ~nσ(~m)). There are sev-
eral special cases. Rˆ~n~k = ~k when k is in the mirror plane
and Rˆ~n~k = −~k when ~k is perpendicular to the mirror
plane. Rˆ~nσ(~m) = σ(~m) when the direction for the spin
measurement, ~m, is perpendicular to the mirror plane
and Rˆ~nσ(~m) = −σ(~m) when it is in the mirror plane.
Associated with these special cases, we can define the
corresponding quantities, Di, as follows:
(a). ~k, ~m is in the mirror plane:
D0(~k, σ(~m)) = I
r(~k, σ(~m))− I l(~k,−σ(~m)); (19)
(b). ~k is in the mirror plane and ~m is perpendicular to
the mirror plane:
D1(~k, σ(~m)) = I
r(~k, σ(~m))− I l(~k, σ(~m)); (20)
(c). ~m is in the mirror plane and k is perpendicular to
the mirror plane:
D2(~k, σ(~m)) = I
r(~k, σ(~m))− I l(−~k,−σ(~m)); (21)
4E
k
n
FIG. 1: The experimental setup for detecting spin polariza-
tion and dichroism. The electric field, E, is normal to the
Mirror plane. Both measured direction k and the light are in
the mirror plane.
(d). ~k, ~m both are perpendicular to the mirror plane:
D3(~k, σ(~m)) = I
r(~k, σ(~m))− I l(−~k, σ(~m)); (22)
Without the external electric field, the above four quan-
tities are zero due to the refection symmetry. Now,
we consider an experimental setup as sketched in fig.1
where the applied electric field is normal to the mirror
plane. All of the above four quantities are proportional
to ∆Mh(~k, σ(~m), λ) for each given band. In particular,
we define the spin polarization when both ~k and ~m are
in the mirror plane
P (~k) =
∑
a=r,l
Ia(~k, σ(~m))− Ia(~k,−σ(~m)) (23)
and the dichroism when ~k is in the mirror plane,
D(~k) =
∑
σ
(Ir(~k, σ)− I l(~k, σ)) (24)
Both P and D are proportional to ∆Mh(~k, σ(~m), λ), i.e.
P (~k), D(~k) ∝ ∆Mh(~k, σ(~m), λ) (25)
Since both above quantities are proportional to external
electric field, it is easy to verify whether the spin polar-
ization and dichroism can be induced by the electric field
experimentally. In a material without a mirror plane, it is
still possible to detect the effect by observing the change
of P and D according to the electric field although their
values are not zero in general at zero field.
In conclusion, we have shown that electric field can
induce spin polarization and dichroism effects in spin or-
bit coupling systems in ARPES. They share the same
physical origins as the spin Hall effect. The values of
the effects are exact opposite in the two bands which are
split by spin orbit coupling. Since the spin polarization
and dichroism effects are detected by completely differ-
ent ARPES experiments, our predictions can be inde-
pendently checked, which is crucial to resolve the present
controversy regarding the existence of the spin Hall ef-
fect.
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